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HIGHLIGHTS 


•  Structural  disordering  occurs  in  anatase  Ti02  nanorods  (Ti02  NRs)  upon  continuous  cycling. 

•  Lowering  the  cathodic  cut-off  potential  accelerates  the  structural  disorder  in  Ti02  NRs. 

•  Carbon  coating  prevents  structural  disordering  upon  cycling  in  Ti02  nanorods. 

•  Dopamine  is  used  as  anchoring  group  for  the  RAFT  polymerization  derived  carbon  coating. 

•  Surface  defects  of  Ti02  NRs  are  healed  by  dopamine. 
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Herein,  we  present  the  electrochemical  characterization  of  carbon-coated  Ti02  nanorods,  obtained  by 
carbonizing  RAFT  (reversible  addition  fragmentation  chain  transfer)  polymerization  derived  block  co¬ 
polymers  anchored  on  anatase  Ti02  nanorods.  These  carbon-coated  Ti02  nanorods  show  an  improved 
electrochemical  performance  in  terms  of  first  cycle  reversibility,  specific  capacity,  cycling  stability,  and 
high  rate  capability.  More  importantly,  however,  the  structural  disordering  observed  in  the  uncoated  Ti02 
nanorods  by  means  of  galvanostatic  and  potentiodynamic  cycling  as  well  as  ex  situ  XRD  analysis,  does  not 
occur  for  the  carbon-coated  material.  Preventing  this  structural  disordering  does  not  only  result  in  a 
stabilized  cycling  performance  but,  moreover,  in  substantially  enhanced  energy  storage  efficiency  (86% 
vs.  only  68%  at  the  100th  cycle)  due  to  the  preserved  characteristic  potential  profile  of  anatase  Ti02. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium-ion  batteries  are  currently  considered  as  one  of  the 
most  promising  electrochemical  energy  storage  devices  for  future 
large-scale  applications,  as  for  instance  electric  vehicles  [1—3]. 
However,  beside  improvements  related  to  their  energy  density, 
current  research  activities  focus  on  further  advances  of  the 
obtainable  power  of  such  energy  storage  devices.  In  fact,  the  (dis-) 
charge  capability  of  graphite,  the  state-of-the-art  anode  material  is 
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inherently  limited  by  the  release  of  the  Li+  solvation  shell  upon  the 
intercalation  of  lithium  ions  through  the  initially  formed  solid 
electrolyte  interphase  (SEI)  [4—6  as  well  as  its  very  low  operational 
potential  and  the  concomitant  safety  issue  of  lithium  plating  [7,8]. 
Accordingly,  alternative  anode  materials  are  investigated  offering 
higher  lithium  ion  (de-)insertion  potentials  and  thus  preventing 
the  formation  of  an  SEI  layer  as  well  as  the  risk  of  metallic  lithium 
deposition  at  elevated  charge/discharge  rates.  Titanium  oxides,  as 
for  instance  Li4Ti50i2  (LTO)  or  different  polymorphs  of  Ti02,  have 
gathered  a  wide  interest  9-16]  since  such  materials  offer  decent 
specific  capacities,  due  to  their  higher  density  with  respect  to 
graphite,  and  lithium  (de-)insertion  occurs  at  potentials  within  the 
electrochemical  stability  window  of  commonly  used  organic 
carbonate-based  electrolytes.  While  LTO  is  already  comprised  in 
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commercial  lithium-ion  batteries  [2],  anatase  Ti02  is  certainly  a 
very  attractive  alternative  due  to  its  natural  abundance,  its  already 
available  large-scale  production,  such  as  pigments  for  the  paint 
industry  and  dye-sensitized  solar  cells  [17-19],  as  well  as  its 
theoretically  higher  specific  capacity  (335  mAh  g-1  vs.  175  mAh  g-1 
for  LTO).  However,  micro-sized  anatase  Ti02  severely  suffers  of 
limited  specific  capacities  especially  at  high  rates  [20-22  .  Nano¬ 
structuring  of  such  active  material  particles  showed  substantial 
improvements  in  terms  of  achievable  specific  capacity,  due  to  the 
increasing  capacity  contribution  resulting  from  a  second  phase 
formation,  which  occurs  only  at  the  particle  surface  [23-26].  The 
high  rate  capability  is  also  improved  by  an  increasing  solid  solution 
domain  [24-27],  a  generally  reduced  lithium  ion  and  electron 
diffusion  and  transport  pathways  and  an  increased  electrode/ 
electrolyte  contact  area  28,29].  Further  improvement  was  ach¬ 
ieved  by  embedding  such  nanoparticles  in  carbonaceous  host 
matrices  or  applying  a  carbon  coating  layer  in  order  to  enhance  the 
electronic  conductivity  of  such  mostly  insulating  active  material 
[30].  Wang  et  al.  [31],  for  instance,  investigated  self-assembled 
Ti02-graphene  hybrid  nanostructures,  showing  enhanced  rate 
performance,  i.e.,  more  than  100  mAh  g-1  at  C  rates  as  high  as  30C. 
Fu  et  al.  [32],  Das  et  al.  [33],  or  Cao  et  al.  [34]  followed  a  rather  facile 
approach  using  sucrose  or  glucose  as  carbon  precursor,  while 
Thackeray  and  co-workers  [35]  reported  an  in  situ  carbon  coating 
procedure  utilizing  titanium  (IV)  oxyacetyl  acetonate  as  Ti02  and 
carbon  precursor  and  a  specially  designed  autogenic  reactor.  Using 
the  oleic  acid  capping  agent  to  form  a  carbonaceous  coating  layer 
on  Ti02  nanorods,  Bresser  et  al.  [26]  obtained  an  advanced  rate 
performance,  particularly  when  only  the  charge  (delithiation)  rate 
was  increased,  and  high  specific  capacities  of  more  than 
250  mAh  g-1,  depending  on  the  cathodic  cut-off  potential.  How¬ 
ever,  it  appears  noteworthy  that  this  list  of  anatase  Ti02-carbon 
heterogeneous  secondary  structures  presents  only  a  brief  overview 
on  previously  reported  work  and  is  certainly  not  exhaustive. 
Generally,  for  active  materials  storing  lithium  ions  by  insertion 
mechanism,  as  inter  alia  anatase  Ti02,  thus  undergoing  relatively 
low  volume  changes  upon  reversible  lithium  uptake,  homogenous 
and  rather  thin  coating  layers  are  preferable.  This  allows  an 
improved  electron  transport,  while  at  the  same  time  lithium  ion 
diffusion  into  the  active  material  particles  is  not  slowed  down  [36], 
thus  resulting  in  an  improved  high  rate  capability  of  such  electrode 
materials  [37].  Very  recently,  we  reported  a  new  approach  for  the 
realization  of  such  a  carbon  coating  based  on  the  carbonization  of  a 
block  copolymer  anchored  onto  the  nanoparticles  surface  and 
synthesized  by  RAFT  (reversible  addition  fragmentation  chain 
transfer)  polymerization  (Fig.  1),  showing  an  improved  cycling 
stability  and  reduced  capacity  fading  per  cycle  relatively  to  the 
uncoated  Ti02  nanorods  [38]. 

Herein,  we  will  present  a  detailed  and  extended  electrochemical 
characterization  of  these  carbon-coated  anatase  Ti02  nanorods, 


showing  their  advanced  high  rate  capability,  specific  capacity, 
cycling  stability,  and  first  cycle  reversibility  relatively  to  the  un¬ 
coated  Ti02  nanorods.  Even  more  remarkably,  however,  it  will  be 
shown  that  the  application  of  such  a  carbon  coating  suppresses  a 
continuously  progressing  structural  disorder  observed  in  uncoated 
anatase  nanorods  by  means  of  galvanostatic  and  potentiodynamic 
cycling  as  well  as  ex  situ  XRD  analysis  of  cycled  electrodes.  This 
structural  disordering  does  not  only  result  in  inferior  capacity 
retention  but  moreover  in  a  substantially  reduced  energy  storage 
efficiency  caused  by  continuous  shortening  of  the  characteristic 
potential  plateau  upon  lithium  (de-)insertion,  which  is  -  to  the  best 
of  our  knowledge  -  herein  investigated  and  discussed  for  the  first 
time. 

2.  Experimental  section 

2.1.  Synthesis  of  carbon-coated  and  uncoated  anatase  HO2 
nanorods 

The  synthesis  of  carbon-coated  and  uncoated  anatase  TiC^ 
nanorods  was  very  recently  described  in  detail  by  Oschmann  et  al. 

[38] .  In  brief,  oleic  acid  (OLEA,  Acros  Organics)/oleylamine  (OAM, 
Acros  Organics)  -  capped  anatase  Ti02  nanorods  were  synthesized 
according  to  a  solvothermal  method  recently  reported  by  Dinh  et  al. 

[39] ,  using  titanium  butoxide  (Acros  Organics)  as  precursor  and 
water  vapor  as  hydrolysis  agent.  OLEA  and  OAM  were  subsequently 
replaced  by  tetrafluoroborate  (BF4),  using  nitrosonium  tetra- 
fluoroborate  (NOBF4,  Sigma— Aldrich)  in  dichloromethane  solution, 
according  to  a  ligand-exchange  reaction  reported  by  Dong  et  al. 

[40] .  For  the  preparation  of  reference  electrodes  based  on  uncoated 
Ti02  nanorods,  BF4  was  removed  by  means  of  centrifugation  and 
dialysis  in  methanol.  For  the  preparation  of  carbon-coated  Ti02 
nanorods,  the  BF4-capped  nanorods  were  dispersed  in  N,N-dime- 
thylformamide  (DMF)  and  mixed  with  the  RAFT  (reversible  addi¬ 
tion  fragmentation  chain  transfer)  polymerization-derived  block 
copolymer  poly(acrylonitrile-b-dopamine  acrylamide)  (P(AN-b- 
DAAM)),  comprising  polyacrylonitrile  (PAN)  as  carbon  precursor 
and  dopamine  as  anchor  block.  The  polymer  to  Ti02  ratio  was  1 :4. 
Subsequently,  the  block  copolymer-functionalized  TiC^  nanorods 
were  purified  via  centrifugation  and  dried  under  vacuum.  For  the 
carbonization  of  the  block  copolymer,  the  functionalized  nanorods 
were  thermally  treated  under  argon  (for  240  min  at  300  °C  &  for 
90  min  at  700  °C;  heating  rate:  5  °C  min-1). 

2.2.  Morphological  and  structural  characterization 

The  structure  of  uncoated  and  carbon-coated  anatase  Ti02 
nanorods  was  investigated  by  means  of  X-ray  diffraction  (XRD) 
analysis  using  a  Siemens  D5000  (Cu-Ka  radiation,  A  =  0.154  nm). 
Raman  spectroscopy  was  performed  by  means  of  a  Horiba  Jobin  Y 


A,  argon 


pristine  anatase 
TiOz  nanorods 


block  copolymer  functionalized 
anatase  Ti02  nanorods 


carbon-coated  anatase 
Ti02  nanorods 


Fig.  1.  Schematic  illustration  of  the  carbon  coating  approach:  as-synthesized  Ti02  nanorods  (left)  are  functionalized  by  grafting  a  block  copolymer  (center),  which  is  subsequently 
carbonized  by  a  thermal  treatment  at  300  °C  for  4  h  and  at  700  °C  for  1.5  h  under  argon,  resulting  in  a  thin  and  homogenous  carbon  coating  (right). 
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LabRAM  HR  Spectrometer,  equipped  with  a  frequency  doubled 
Nd:YAG  laser.  Transmission  electron  microscopy  (TEM)  and  high 
resolution  transmission  electron  microscopy  (HRTEM)  analysis  of 
carbon-coated  and  uncoated  Ti02  nanorods  was  conducted  using  a 
Tecnai  F30  ST  FEE  For  TEM  and  HRTEM  analysis,  the  studied  sam¬ 
ples  were  dispersed  on  a  non-porous,  carbon-free  silicon-based 
sample  holder.  Ex  situ  XRD  analysis  of  galvanostatically  and 
potentiodynamically  cycled  electrodes  was  carried  out  using  a 
Bruker  D8  Advance  (Cu-Ka  radiation,  X  =  0.154  nm).  The  patterns 
were  aligned  according  to  the  major  (101)  reflection  of  anatase 
Ti02. 

2.3.  Electrochemical  characterization 

Electrodes  based  on  carbon-coated  anatase  Ti02  (and  for  com¬ 
parison  reasons,  uncoated  Ti02)  nanorods  were  prepared  according 
the  following  procedure:  Sodium  carboxymethyl  cellulose  (CMC, 
Walocel  CRT  2000PA,  Dow  Wolff  Cellulosics)  was  dissolved  in 
deionized  water  (1.25  wt.%).  Subsequently,  the  carbon-coated  (and 
uncoated)  Ti02  nanorods  and  Super  C65®  were  added.  The  result¬ 
ing  mixture  was  homogenized  by  means  of  a  planetary  ball  mill 
(Vario-Planetary  Mill  Pulverisette  4,  FRITSCH)  for  2  h  set  at 
800  rpm.  The  obtained  electrode  paste  was  coated  on  dendritic 
copper  foil  (SCHLENK)  with  a  wet  film  thickness  of  130  pm  and 
dried  at  ambient  temperature  for  around  12  h.  Disc  electrodes  with 
a  diameter  of  12  mm  were  punched  and  dried  for  about  24  h  at 
120  °C  under  vacuum.  The  content  of  active  material  on  the  disc 
electrodes  was  in  a  range  of  1.6-2.0  mg  cm-2  for  carbon-coated 
Ti02  and  in  a  range  of  1.7— 2.1  mg  cm-2  for  uncoated  Ti02  nano¬ 
rods.  Electrodes  based  on  carbon-coated  Ti02  nanorods  had  a  final 
composition  of  75  wt.%  of  Ti02,  5  wt.%  of  CMC,  and  20  wt.%  of 
carbon  (5  wt.%  of  Super  C65®  resulting  from  the  previous  pro¬ 
cessing,  10  wt.%  of  carbon  coating  as  confirmed  by  TGA  under  02, 
and  5  wt.%  of  Super  C65®  added  later  upon  the  preparation  of  the 
electrodes).  Reference  electrodes  based  on  uncoated  Ti02  nanorods 
were  prepared  replacing  the  carbon  content  of  the  coating  layer  by 
additional  Super  C65®,  which  was  added  upon  the  electrode 
preparation.  Swagelok™-type  cells  were  assembled  in  an  MBraun 
glove  box  with  an  02  and  H20  content  of  less  than  0.5  ppm.  Poly¬ 
propylene  fleeces  (Freudenberg  FS2190),  drenched  with  the  uti¬ 
lized  electrolyte  (1  M  LiPF6  in  a  3:7  volume  mixture  of  ethylene 
carbonate  and  diethyl  carbonate,  UBE)  were  used  as  separator. 
Since  lithium  foil  (Rockwood  Lithium,  battery  grade)  was  used  as 
counter  and  reference  electrodes,  all  potential  values  given  in  this 
manuscript  refer  to  the  Li/Li+  reference  couple.  Galvanostatic 
cycling  was  carried  out  by  means  of  a  Maccor  Battery  Tester  4300. 
An  applied  C  rate  of  1C  corresponds  to  an  applied  specific  current  of 
168  mA  g-1,  considering  x  =  0.5  as  the  reference  limit  for  the 
insertion  reaction:  Ti02  +  x(Li+  +  e-)  ->  LixTi02.  Cyclic  voltam¬ 
metry  was  performed  utilizing  a  VMP3  potentiostat  (BioLogic), 
applying  a  scan  rate  of  0.1  mV  s-1. 

3.  Results  and  discussion 

3.1.  Morphological  and  structural  characterization 

In  a  first  step,  both  samples  -  uncoated  and  carbon-coated  Ti02 
nanorods  -  were  investigated  by  means  of  XRD  in  order  to  confirm 
the  preservation  of  the  anatase  structure  (Fig.  2).  Indeed,  both 
patterns  show  only  reflections  corresponding  to  the  anatase  phase 
(ICSD  172914)  having  the  space  group  Mi/amd.  No  additional  re¬ 
flections  indicating  phase  impurities  can  be  observed.  Accordingly, 
the  sample  does  not  undergo  a  phase  change  to  the  principally 
more  stable  rutile  phase  [41,42  upon  the  thermally  induced 
carbonization  of  the  surface-anchored,  RAFT  polymerization- 


20  /  deg. 

Fig.  2.  XRD  patterns  of  uncoated  anatase  Ti02  nanorods  (Ti02,  upper  pattern)  and  after 
thermal  treatment  applied  in  order  to  carbonize  the  grafted  copolymer  (TiO 2/C,  lower 
pattern).  The  reference  ICSD  172914  for  anatase  Ti02  is  given  in  the  bottom. 

derived  block  copolymer.  This  is  in  good  agreement  with  earlier 
reported  results  on  anatase  Ti02  nanorods  [26,43],  indicating  the 
enhanced  stability  of  the  anatase  phase  relatively  to  the  rutile 
phase  for  nano-sized  particles  due  to  the  increasing  impact  of  the 
surface  free  energy,  which  is  lower  for  the  anatase  phase  compared 
to  the  rutile  phase,  on  the  total  free  energy  with  decreasing  particle 
size  [41,42,44]. 

The  formation  of  a  very  thin  (approximately  1  nm)  and  amor¬ 
phous  surface  film  on  the  Ti02  nanorods,  having  an  average  length 
of  around  30  nm  and  an  average  diameter  of  about  10-15  nm 
(Fig.  3a),  was  confirmed  by  HRTEM  analysis  of  uncoated  (Fig.  3b) 
and  carbon-coated  (Fig.  3c)  Ti02  nanorods.  In  fact,  this  coating  layer 
is  covering  the  nanorods  surface  very  homogenously.  Slight  accu¬ 
mulation  of  carbon  is  observed  only  at  the  boundary  of  adjacent 
nanorods  (Fig.  3c),  as  also  schematically  illustrated  in  Fig.  1.  Such  a 
carbonaceous  conductive  “bridge”,  however,  might  have  a  benefi¬ 
cial  effect  on  the  electrochemical  performance  of  the  sample, 
enabling  a  fast  electron  transfer  from  one  particle  to  another  and 
finally  to  the  current  collector. 

For  a  further  characterization  of  the  carbon  coating,  Raman 
spectroscopy  was  carried  out  (Fig.  4).  While  for  the  copolymer- 
functionalized  Ti02  sample  (i.e.,  prior  to  the  thermally  induced 
carbonization  of  the  grafted  polymer;  gray  dashed  spectrum  in 
Fig.  4a)  the  characteristic  Raman  bands  for  anatase  Ti02  [45]  are 
clearly  observed,  their  intensity  is  significantly  decreased  for  the 
carbon-coated  sample  (i.e.,  after  the  thermal  treatment;  black 
spectrum  in  Fig.  4a),  being  in  good  agreement  with  previously  re¬ 
ported  results  [26].  In  addition,  the  characteristic  G  and  D  bands, 
appearing  at  around  1580  and  1355  cm-1  and  corresponding  to  the 
graphitic  C— C  stretching  and  induced  disorder  of  sp2  hybridized 
carbon  [46,47],  respectively,  are  observed  only  for  the  carbon- 
coated  sample,  confirming  the  presence  of  a  partially  graphitic 
carbonaceous  surface  layer  on  the  anatase  Ti02  nanorods  (Fig.  4b). 

3.2.  Electrochemical  characterization 

For  the  electrochemical  characterization  of  carbon-coated  and 
uncoated  Ti02  nanorods,  electrodes  were  prepared  using  carbox¬ 
ymethyl  cellulose  (CMC)  as  binder,  since  it  was  shown  that  elec¬ 
trodes  comprising  CMC  rather  than  polyvinylidene  fluoride  (PVdF) 
present  an  improved  electrochemical  performance  [48,49].  More¬ 
over,  it  appears  noteworthy  that  for  the  preparation  of  carbon- 
coated  Ti02-based  electrodes,  the  conductive  carbon  (Super 
C65®)  was  added  partially  before  and  after  the  thermal  treatment, 
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Fig.  3.  TEM  and  HRTEM  images  of  uncoated  (a  and  b)  Ti02  nanorods.  Inset  in  b):  the  Fast  Fourier  Transform  (FFT)  showing  the  [100]  direction  of  anatase  Ti02.  c)  HRTEM  image  of 
carbon-coated  Ti02  nanorods  after  thermal  carbonization  of  the  grafted  block  copolymer. 


following  a  previously  reported  electrode  material  processing  [26]. 
Generally,  however,  electrodes  based  on  carbon-coated  TiC^ 
nanorods  will  be  hereinafter  referred  to  as  TiCh/C  while  those  based 
on  uncoated  Ti02  nanorods  will  be  simply  referred  to  as  Ti02. 

In  Fig.  5,  a  comparison  of  the  high  rate  capability  for  TiC^/C 
and  Ti02  is  presented.  As  expected,  Ti02/C-based  electrodes  show 
a  significantly  improved  rate  capability.  Specific  capacities  of 
around  220, 190, 170,  and  135  mAh  g-1  were  obtained  for  TiC^/C 
at  0.2C,  1C,  2C,  and  5C,  respectively,  while  TiCVbased  electrodes 
delivered  specific  capacities  of  10-20  mAh  g-1  lower  for  all  C 
rates  (see  also  Table  1).  More  importantly,  the  cycling  stability 
was  dramatically  improved  as  revealed  by  the  lower  specific  ca¬ 
pacity  decrease  upon  continuous  cycling  at  all  C  rates,  and 
particularly  at  1C  for  the  subsequent  constant  current  cycling, 
evidencing  the  highly  reversible  lithium  (de-)insertion  for 
carbon-coated  Ti02  nanorods.  As  a  matter  of  fact,  the  coulombic 
efficiency  for  Ti02 /C  approaches  99.97%  upon  continuous  cycling 
at  1C,  while  the  efficiency  for  Ti02  remains  comparably  low  at 
about  99.7%. 


A  more  careful  analysis  of  the  obtained  data  performed  by 
plotting  the  potential  vs.  the  specific  capacity  (Fig.  6)  reveals  that 
the  first  (dis-)charge  profile  for  carbon-coated  (Fig.  6a)  as  well  as  for 
uncoated  (Fig.  6b)  nanorods  shows  the  characteristic  potential 
profile  for  nanostructured  anatase  TiC^  [20,25,26,50-52].  Upon  the 
initial  rather  smooth  voltage  decrease  lithium  ions  are  inserted  via 
solid  solution  into  the  Li-poor  phase  of  anatase  Ti02  up  to  a  lith- 
iation  degree  of  around  Lio.iTi02  ( ~33  mAh  g-1)  for  carbon-coated 
Ti02  (TiCh/C,  Fig.  6a),  while  retaining  the  lA\\amd  space  group  and 
its  tetragonal  symmetry.  The  subsequent  distinct  potential  plateau 
at  around  1.7  V  corresponds  to  the  occurring  phase  transition  and 
co-existence  of  the  Li-rich  Lio.sTiC^  ( ~  168  mAh  g-1,  Fig.  6a)  phase, 
having  a  lithium  titanate  structure  and  orthorhombic  symmetry 
(space  group:  Imma ).  Finally,  the  second  phase  change,  occurring 
only  at  the  nanoparticles  surface  [24,53-55  ,  from  Li-rich  lithium 
titanate  back  to  the  anatase  phase  (LiTi02,  space  group  Mi/amd)  is 
taking  place,  as  indicated  by  the  following  voltage  plateau  at 
around  1.5  V  [26,54,55].  This  results  in  a  total  lithiation  of  the  active 
material  up  to  Li0.77TiO2  (Fig.  6a,  TiC^/C).  It  should  be  mentioned 
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Table  1 

Reversible  specific  capacity  for  TiO 2/C-  and  Ti02-based  electrodes  at  different  C  rates 
and  the  corresponding  cycle  number. 


Cycle  number 

C  rate 

(1C  =  168  mAg"1) 

Specific  capacity 
(Ti02/C)/mAh  g"1 

Specific  capacity 
(Ti02)/mAh  g"1 

2 

C/5 

221 

203 

10 

1C 

191 

180 

20 

2C 

171 

159 

30 

5C 

134 

109 

40 

10C 

96 

72 

50 

15C 

70 

53 

55 

1C 

187 

174 

100 

1C 

183 

154 

Wavenumber  /  cm  1 


Fig.  4.  Raman  spectra  comparing  block  copolymer-functionalized  (gray,  dashed  line) 
and  carbon-coated  (black)  anatase  Ti02  nanorods,  a)  Comparison  of  the  lower  wave- 
number  region  for  the  bands  related  to  anatase  Ti02.  b)  Comparison  of  the  higher 
wavenumber  region  for  the  bands  corresponding  to  the  carbonaceous  coating. 


here,  that  other  studies  have  assigned  the  presence  of  the  second 
voltage  plateau  to  a  kinetically  hampered,  ongoing  lithium  inser¬ 
tion  in  orthorhombic  Ti02  [56],  while  the  increased  capacity  values 
for  nanostructured  materials  would  be  caused  by  (pseudo-)capac- 
itive  lithium  storage  [56,57].  In  fact,  within  scientific  literature  it  is 
still  under  discussion  whether  the  second  phase  transition  is  taking 
place  for  nanostructured  anatase  Ti02  in  an  electrochemical  cell. 
However,  based  on  the  results  presented  herein,  we  cannot  ulti¬ 
mately  exclude  one  explanation  or  the  other.  Actually,  both  phe¬ 
nomena  (second  phase  transition  and  (pseudo-)capacitive  lithium 
storage)  might  contribute  to  the  obtained  specific  capacities. 


a  Coulombic  Efficiency  -  Ti02/C 


o 


3 

O 

U 


Fig.  5.  Carbon-coated  and  uncoated  Ti02  nanorods-based  electrodes  subjected  to 
galvanostatic  cycling  at  elevated  C  rates  (cycles  1—3  at  C/5,  followed  by  each  10  cycles 
at  1C,  2C,  5C,  10C,  and  15C,  finally  (dis-)charged  at  1C  again);  cut-off  potentials:  1.2  and 
3.0  V. 


However,  while  for  the  carbon-coated  sample  a  reversible  spe¬ 
cific  capacity  of  225  mAh  g-1  and  a  coulombic  efficiency  of  87.4%  are 
obtained,  the  uncoated  sample  delivers  a  reversible  capacity  of  only 
206  mAh  g_1  and  a  coulombic  efficiency  of  78.9%.  This  improved 
first  cycle  efficiency  of  TiC^/C  might  be  related  to  a  reduced  surface 
activity  due  to  the  thin  carbon  layer  and  thus  a  decrease  of  the 
amount  of  parasitic  surface  reactions,  inter  alia  caused  by  reductive 
electrolyte  decomposition  [26].  In  addition,  the  initial  lithium 
trapping  inside  the  Ti02  host  [58]  might  be  reduced  due  to  the 
enhanced  electronic  conductivity  and  thus  kinetics  of  TiC^/C  rela¬ 
tively  to  Ti02.  In  fact,  the  specific  capacity  obtained  reversibly  upon 
delithiation  (charge)  up  to  the  appearance  of  the  voltage  plateau  is 
higher  for  Ti02/C  (~68  mAh  g-1)  than  for  TiC^  (~55  mAh  g-1), 
indicating  an  increased  contribution  of  the  second  phase  change 
from  anatase  back  to  titanate.  The  subsequent  slight  overvoltage  at 
the  onset  of  the  potential  plateau  (titanate  -►  anatase)  appears  to  be 
correlated  to  the  primary  particle  size  of  the  anatase  TiC^  nano¬ 
particles  and  has  been  assigned  to  a  nucleation  barrier  for  the 
initiation  of  a  phase  transition  [20,59-61]. 

Selected  potential  profiles  for  the  different  C  rates  (Fig.  6c  and  d) 
show  once  again  the  enhanced  rate  capability  and  capacity  reten¬ 
tion  after  the  rate  tests  of  TiC^/C.  Moreover,  it  is  observed  that  the 
second  phase  change,  indicated  by  the  second  voltage  plateau  at 
around  1.5  V  appears  only  for  lower  (dis-)charge  rates,  up  to  1C,  due 
to  kinetic  limitations  [26,55].  Additionally,  however,  the  potential 
profile  corresponding  to  cycle  55  for  Ti02  (second  profile  at  1C, 
Fig.  6d)  presents  a  new  feature  at  a  potential  of  around  2.8  V.  This 
phenomenon  becomes  even  more  obvious  by  comparing  the  po¬ 
tential  profiles  at  1C  only  up  to  the  100th  cycle  (Fig.  6e  and  f). 
Indeed,  while  Ti02 /C  presents  a  stable  cycling  and  only  a  slight 
capacity  loss  caused  by  a  slight  shortening  of  the  main  voltage 
plateau  (Fig.  6e),  Ti02  presents  a  more  dramatic  change  of  the  po¬ 
tential  profile  upon  continuous  (de-)lithiation  (Fig.  6f).  The  main 
voltage  plateaus  observed  around  1.7  and  1.9  V  during  the 
discharge  (lithiation)  and  charge  (delithiation),  respectively,  are 
continuously  shrinking  (Fig.  6f).  Upon  100  cycles  the  lithium 
insertion  was  mainly  taking  place  at  lower  potentials  (in  average  at 
around  1.5  V)  while  a  new  voltage  plateau  at  about  2.8  V  appeared 
for  the  delithiation  process,  accompanied  by  a  shift  of  the  over¬ 
voltage  at  the  onset  of  the  main  potential  plateau  to  higher  voltages 
(indicated  by  the  red  arrow  in  web  version).  It  is  extremely 
important  to  notice  that  a  potential  relaxation  is  observed  when  a 
Ti02-based  electrode  upon  delithiation  at  2.8  V  is  left  in  open  circuit 
conditions  (results  not  shown).  In  particular,  upon  relaxation  (a  few 
hours)  the  potential  drops  to  around  2.0  V  thus  indicating  the  ki¬ 
netic  origin  of  the  high  voltage  delithiation  plateau.  However,  such 
a  modification  of  the  lithium  (de-)insertion  process  results  in  a 
dramatically  reduced  energy  storage  efficiency  of  uncoated  Ti02 
nanoparticles  (Fig.  7).  A  similar  behavior  was,  in  fact,  already 
observed  by  Saravanan  et  al.  [62  .  Unfortunately,  within  their  study 
this  phenomenon  was  neither  described  nor  discussed. 
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Fig.  6.  Potential  profile  of  the  first  galvanostatic  cycle  (see  Fig.  5)  for  carbon-coated  (a)  and  uncoated  (b)  anatase  Ti02  nanorods  at  C/5  ( ~33.6  mA  g_1).  Selected  potential  profiles  for 
carbon-coated  (c)  and  uncoated  (d)  Ti02  nanorods  at  elevated  C  rates  (1C,  2C,  5C,  IOC,  15C,  and  1C  again).  Selected  potential  profiles  at  a  constant  C  rate  of  1C  for  carbon-coated  (e) 
and  uncoated  (f)  Ti02  nanorods.  Cut-off  potentials:  1.2  and  3.0  V. 


In  order  to  further  investigate  this  phenomenon,  cyclic  voltam¬ 
metry  was  performed  on  non-coated  TiC^-based  electrodes  for  50 
continuous  cyclic  sweeps  (Fig.  8).  Initially,  the  expected  cyclic  vol- 
tammogram  is  observed,  indicating  the  two  redox  couples  for  the 
first  and  second  phase  transition  26].  Two  very  minor  anodic  and 
cathodic  peaks  at  voltages  of  around  1.5  and  1.6  V  have  already  been 
observed  in  literature  and  assigned  to  a  reversible  pseudo- 
capacitive  effect  [63]  and  indeed  they  are  highly  reversible  even 
after  50  continuous  potentiodynamic  sweeps.  Kavan  and  co¬ 
workers  have  very  recently  reported  the  electrochemical  charac¬ 
terization  of  Ti02  (B)  and  anatase  Ti02  as  well  as  their  mixtures, 
investigating  the  capacitive  contribution  for  these  two  titanium 
oxide  phases  to  the  overall  lithium  storage  [64].  According  to  their 
results  obtained  by  cyclic  voltammetry,  particularly  with  respect  to 
the  mixture  of  anatase  Ti02  and  TiCh  (B),  these  two  peaks  might  also 
be  related  to  the  presence  of  a  very  minor  impurity  of  Ti02  (B),  for 


Fig.  7.  Comparison  of  the  energy  storage  efficiency  for  Ti02/C  and  Ti02  (~  ratio  of 
energy  stored  upon  charge  vs.  energy  released  upon  discharge  according  to  the 
theoretically  reversed  process  of  charge  and  discharge  in  a  lithium-ion  full-cell  within 
which  the  Ti02-based  electrode  would  serve  as  anode). 


which,  as  a  matter  of  fact,  the  ( pseudo- )capacitive  lithium  storage 
plays  a  decisive  role  [65].  Due  to  an  overlap  of  the  major  XRD  re¬ 
flections  66],  the  presence  of  a  very  minor  amount  of  Ti02  (B) 
within  the  herein  studied  anatase  Ti02  nanorods  cannot  be  fully 
ruled  out,  particularly  if  the  relative  amount  is  below  the  XRD 
detection  limit.  However,  Raman  spectroscopy  did  not  reveal  the 
presence  of  Ti02  (B),  apart  from  an  extremely  weak  peak  at  about 
200  cm-1  (Fig.  4a).  In  order  to  verify  the  presence  of  Ti02  (B)  im¬ 
purities,  a  more  careful  structural  analysis  of  the  sample  would  have 
to  be  performed,  which  is  beyond  the  scope  of  this  manuscript. 

More  remarkably,  however,  is  the  appearance  of  a  new  redox 
couple  at  around  1.5-1.35  V  and  2.6-2.7  V  for  the  cathodic  and 
anodic  sweep,  respectively.  While  these  peaks  are  increasing,  the 
main  redox  couple  is  decreasing  in  terms  of  specific  current  (indi¬ 
cated  by  the  black  arrows),  being  perfectly  in  line  with  the  former 
results  obtained  by  galvanostatic  cycling  (Fig.  6d  and  f).  In  fact,  to 
the  best  of  our  knowledge  such  a  newly  appearing  redox  couple  has 


Fig.  8.  Cyclic  voltammogram  of  an  uncoated  Ti02  nanorods-based  electrode  (Ti02) 
from  the  5th  to  the  50th  cyclic  sweep;  reversing  potentials:  1.2  and  3.0  V. 
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a) 


Fig.  9.  Performance  of  uncoated  Ti02  nanorod  electrode  subjected  to  galvanostatic  cycling  at  elevated  C  rates  (cycles  1-3  at  C/5,  followed  by  each  ten  cycles  at  1C,  2C,  5C,  IOC,  and 
15C,  finally  (dis-)charged  at  1C  for  all  subsequent  cycles  (cut-off  potentials:  1.0  and  3.0  V)  (panel  a)),  b)  Corresponding  potential  profile  for  the  1st  cycle,  c)  Selected  potential  profiles 
for  elevated  C  rates  (1C,  2C,  5C,  10C,  15C,  and  1C  again),  d)  Selected  potential  profiles  for  the  subsequent  cycling  at  1C. 


20  /  deg. 


(103)  (004)  (112) 
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Fig.  10.  Comparative  ex  situ  XRD  investigation  of  pristine  (black  pattern),  galvanostatically  (red  pattern,  cut-off  potentials:  1.0  and  3.0  V,  Fig.  9),  and  potentiodynamically  (blue 
pattern,  reversing  potentials:  1.2  and  3.0  V,  Fig.  8)  cycled  electrodes  based  on  uncoated  anatase  Ti02  nanorods  (a).  The  reference  for  anatase  Ti02  (ICSD  172914)  is  given  in  the 
bottom,  b)  and  c)  show  magnifications  of  the  (004)  and  (200)  reflections,  respectively.  (For  interpretation  of  the  references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the 
web  version  of  this  article.) 
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never  been  reported  so  far  for  anatase  TiC^.  For  a  further  investi¬ 
gation  of  this  phenomenon  ex  situ  XRD  analysis  of  the  cycled 
electrodes  was  carried  out  (see  later  in  Section  3.3). 

As  it  has  been  shown  that  the  lower  cut-off  potential  has  a 
significant  influence  on  the  electrochemical  performance  of 
anatase  nanoparticles  [26],  we  studied  also  the  influence  of  the  cut¬ 
off  potential  on  the  appearance  of  this  new  potential  profile  feature, 
occurring  for  uncoated  Ti02  nanorods  only  (Fig.  9).  Generally,  the 
previously  reported  results  [26]  were  confirmed:  lowering  the 
cathodic  cut-off  potential  from  1.2  V  to  1.0  V  resulted  in  a  slightly 
increased  reversible  specific  capacity  in  the  first  cycle  (216  vs. 
206  mAh  g-1;  Fig.  9a  and  b)  and  for  rather  low  specific  currents 
(187  vs.  180  mAh  g-1  at  1C  in  the  10th  cycle).  Flowever,  at  higher  C 
rates  the  situation  is  reversed  (149  vs.  159  mAh  g-1  at  2C;  83  vs. 
109  mAh  g_1  at  5C;  53  vs.  72  mAh  g_1  at  10C;  41  vs.  53  mAh  g_1  at 
15C;  see  also  Table  1  for  the  values  for  1.2  V  as  cut-off  potential).  In 
fact,  by  setting  the  C  rate  back  to  1C  similar  capacity  values  are 
obtained  for  both  cut-off  potentials  (171  vs.  174  mAh  g_1  and  150  vs. 
154  mAh  g  1  for  the  55th  and  100th  cycle  and  1.0  vs.  1.2  V  as 
cathodic  cut-off  potential,  respectively),  indicating  a  more  pro¬ 
nounced  capacity  fading  for  the  lower  cut-off  potential  (Fig.  9a). 
A  comparison  of  the  potential  profiles  at  elevated  C  rates  (Figs.  9c 
and  6d),  however,  reveals  that  the  lower  cut-off  potential  has  also 
an  influence  on  the  appearance  of  the  new  plateau-like  feature  at 
higher  potentials  of  around  2.8  V.  It  is  obvious  that  this  feature 
appears  much  earlier  for  a  cut-off  potential  of  1.0  V,  even  for 
elevated  rates  of  2C  and  5C,  while  it  is  at  the  same  time  much  more 
pronounced  for  the  55th  cycle  (1C  again).  In  fact,  subjecting  a  TiC^- 
based  electrode  to  more  than  550  (dis-)charge  cycles  confirms  that 
the  lengthening  of  the  new  plateau-like  feature  at  the  expense  of 
shortening  of  the  main  voltage  plateau  is  a  continuous  process 
(Fig.  9d).  Almost  no  capacity  is  obtained  anymore  along  the  main 
voltage  plateau,  while  the  major  contribution  stems  from  the 
lithium  deinsertion  at  potentials  at  around  2.8  V. 

3.3.  Ex  situ  XRD  analysis 

A  continuous  change  of  the  Ti02  phase  away  from  anatase  to¬ 
wards  a  new  crystalline  structure  might  explain  the  observed  new 
redox  couple  (Fig.  8)  and  the  occurrence  of  a  new  voltage  plateau 
(Figs.  6f  and  9d).  Preliminary  investigation  of  cycled  electrodes  by 
means  of  ex  situ  XRD,  however,  revealed  a  preservation  of  the 
anatase  phase  of  uncoated  Ti02  nanorods  even  after  extended 
galvanostatic  cycling  (Fig.  10a).  Nevertheless,  a  more  careful  anal¬ 
ysis  of  the  obtained  XRD  patterns  revealed  that  the  reflections  for 
the  (004)  (Fig.  10b)  and  the  (200)  plane  (Fig.  10c)  appear  to  be 
slightly  shifted  to  higher  and  lower  26  values  indicating  a  slight 
reduction  and  expansion  of  the  lattice  along  the  [001]  and  [100] 
direction,  respectively.  These  findings  are,  in  fact,  in  good  agree¬ 
ment  with  an  earlier  report  by  Rabatic  et  al.  [67],  who  identified  an 
expansion  of  the  anatase  lattice  along  the  [100]  direction  for  the 
surface  layer  of  Ti02  nanorods,  and  particularly  at  the  tips  of 
ellipsoid  nanoparticles.  Indeed,  FIRTEM  images  of  uncoated  anatase 
Ti02  nanorods  indicate  less  sharp  particle  edges  at  the  tip  of  the 
rods,  leading  to  the  suggestion  that  particle  growth  did  not  reach 
equilibrium,  yet,  and  thus  might  be  more  affected  by  such  kind  of 
surface  defects  (Fig.  11 ). 

Besides,  it  is  agreed  in  scientific  literature  that  lithium  (de-) 
insertion  in  anatase  Ti02  occurs  preferably  along  the  [001  ]  direction 
(i.e.,  along  the  c-axis)  [68,69],  meaning  that  a  decrease  of  the  lattice 
parameter  along  this  direction  would  result  in  a  kinetic  hindrance 
of  lithium  diffusion  into  and  within  the  lattice  [68,70],  which  is  in 
line  with  the  observed  shift  of  the  lithium  insertion  and  deinsertion 
towards  lower  and  higher  potentials,  respectively,  and  the  previ¬ 
ously  mentioned  relaxation  of  the  open  circuit  voltage  upon  rest. 


Fig.  11.  HRTEM  image  of  uncoated  anatase  Ti02  nanorods  (a),  b)  and  c)  show  the  Fast 
Fourier  Transforms  (FFT)  for  the  two  nanorods  in  panel  a.  The  black  arrows  point  on 
the  tip  of  these  nanorods,  indicating  the  crystal  growth  along  the  [100]  direction. 


Moreover,  according  to  the  electrochemical  results  this  structural 
disordering  appears  to  be  a  continuously  progressing  phenomenon 
upon  ongoing  lithium  ion  (de-)insertion  -  presumably  starting 
from  the  particle  surface  and  proceeding  towards  the  particle  core. 

Interestingly,  Rabatic  et  al.  reported  that  the  lattice  distortion  in 
Ti02  nanorods  could  be  healed  by  a  controlled  reaction  with 
dopamine  [67  ,  which  has  been  used  in  the  present  work  as  anchor 
group  within  the  RAFT  polymerization  as  intermediate  step  upon 
the  carbon  coating  process.  Indeed,  ex  situ  XRD  analysis  of  elec¬ 
trodes  based  on  carbon-coated  TiC>2  nanorods  does  not  present  any 
shift  of  the  (200)  reflection  after  about  50  galvanostatic  (dis-) 
charge  cycles  (results  not  shown  herein)  being  in  good  agreement 
with  the  results  reported  by  Rabatic  et  al.  [67].  This  allows  us  to 
suggest  that  the  carbon  coating  process  (including  the  thermal 
treatment)  might  play  a  fundamental  role  in  preventing  the 
structural  disordering  for  carbon-coated  Ti02  nanorods,  thus 
granting  their  exceptional  long-term  electrochemical  performance. 

4.  Conclusions 

The  effect  of  a  carbon  coating  process  based  on  the  carboniza¬ 
tion  of  PAN-based  block  copolymers  anchored  onto  anatase  TiC^ 
nanorods  on  their  performance  was  presented.  This  carbon  coating 
process  resulted  in  the  formation  of  a  homogenous  and  thin 
carbonaceous  layer  on  the  Ti02  nanorods  surface.  Thus  carbon- 
coated  Ti02  nanorods  showed  a  significantly  enhanced  electro¬ 
chemical  performance  in  terms  of  high  rate  capability,  coulombic 
efficiency,  and  cycling  stability.  More  remarkably,  the  application  of 
the  carbon  coating  prevented  the  appearance  of  an  up  to  today 


860 


D.  Bresser  et  al.  /  Journal  of  Power  Sources  248  (2014)  852-860 


never  discussed  alteration  of  the  lithium  ion  (de-)insertion  mech¬ 
anism  of  anatase  Ti02  caused  by  the  occurrence  of  a  structural 
disorder  upon  continuous  lithium  storage  and  release.  This  struc¬ 
tural  disordering  led  to  a  continuously  changing  potential  profile 
and  the  appearance  of  a  new  redox  couple  in  the  cyclic  voltam- 
mogram  of  such  electrodes,  which  finally  resulted  not  only  in  a  less 
stable  cycling  performance  but  moreover  in  a  dramatically  reduced 
energy  storage  efficiency  of  such  electrodes. 
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